We have synthesized and tested new highly fluorescent metal organic framework (MOF) materials based on stilbene dicarboxylic acid as a linker. The crystal structure and porosity of the product are dependent on synthetic conditions and choice of solvent and a low-density cubic form has been identified by x-ray diffraction. In this work we report experiments demonstrating scintillation properties of these crystals. Bright proton-induced luminescence with large shifts relative to the fluorescence excitation spectra were recorded, peaking near 475 nm. Tolerance to fast proton radiation was evaluated by monitoring this radio-luminescence to absorbed doses of several hundred MRAD
INTRODUCTION
Metal organic framework (MOF) materials are a new class of nanoporous coordination polymers that can be designed with unique structure and properties. The distinguishing features of MOFs are coordinating metal polyhedra causing organic "linker" molecules to self-organize into highly porous networks capable of accommodating a variety of adsorbates or "guest" molecules. These materials have potential for improved scintillation properties relative to existing organic scintillators because the linkers enable rational control over pore geometry and chemistry, affording new degrees of freedom to design materials for specific radiation detection applications, including: independent control of mass density and fluorescence properties; tailorable composition through linker moieties, metal clusters, and guest species; ultra-low density materials to minimize dE/dx quenching; ultrahigh surface areas (up to 6,000 m2/g) for high-density storage of particle conversion gases (e.g., H 2 , 3 He, or Xe).
BACKGROUND
MOFs have been a subject of active research for a decade 1, 2 , and recently their unique properties for gas storage, separations, catalysis, and sensing have become evident. 3, 4 The structures are formed by coupling inorganic clusters such as Zn 4 O with organic "linkers" that serve to connect the clusters in an open framework. This can produce nanoscale porosity that is maintained even after the "guest" solvent molecules are removed. Nanoporous MOFs can have monolithic pore dimensions, similar in size to zeolites (4-19 Å) , and the so-called isoreticular MOFs (IRMOFs; see Fig 1) , based on Zn(II) ions and carboxylate linkers, are particularly intriguing because the length and chemical functionality of the linkers can be systematically changed. Thus, facile manipulation of pore size and chemistry are possible.
Fig. 1
The prototypical MOF structure (IRMOF-1). ZnO 4 tetrahedra (blue) are joined by organic linkers (O, red, C, black), giving an extended 3-D framework with inter-connected pores (yellow sphere indicates region accessible to guest species).
The permanent nanoporosity in theses framework materials makes extremely high surface areas, up to 6,000 m 2 /g, (the highest of any crystalline material), creating the ability to adsorb large gas volumes. This porosity also enables sorption of organic molecules and chromophores such as C 60 and various organic dyes. 5 We and others have also shown that reversible exchange of guest molecules can occur 6, 7, 8 supporting such concepts as using MOFs as low density (and low dE/dX) scintillating frameworks for improved light yield, as tailored compositions incorporating guest target isotopes (eg. 10 B) for particle specificity, and as a scintillating lattice for stabilization of hazardous liquid scintillation compounds.
FLUORESCENT MOF SYNTHESIS AND STRUCTURE
Synthesis of the materials studied here has been published previously 9 . Using a ligand-based approach to the synthesis of new luminescent MOF compounds, zinc-based MOF motifs were used to prepare two new extended structures, referred to as 2D and 3D in this work. These materials differ in dimensionality but feature rigid metal-ligand coordination geometries that provide support for the luminescent linker trans-4,4'-stilbene dicarboxylic acid. The stilbene linker was chosen for its fluorescence and range of technologically important uses. It is an important component in solidstate scintillating materials, as its pulse shapes are sensitive to dE/dx, which make it useful to discriminate neutron and gamma radiation. Additionally, stilbenes are employed as a backbone in organic nonlinear optical materials and may be considered the fundamental unit of the electro-and photoluminescent conjugated polymer, poly(p-phenylenevinylene) (PPV). 
FLUORESCENCE AND RADIOLUMINESCENCE
Fluorescence and emission spectra were measure and reported previously using a SPEX Fluoromax with fiber optic extension 1 . Radioluminescence spectra were obtained by ion beam induced luminescence (IBIL) utilizing the Sandia National Laboratories nuclear microprobe located in the Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory. This source comprises a 3MeV tandem accelerator with imaging and diagnostic tools enabling use as a source of radiation, to characterize the materials density with STIM, and to detect the response or light production with the IBIL method.
The microprobe utilizes a National Electrostatics Corporation 1.7 MV accelerator to generate a 3 MeV beam of protons that can be focused down to 0.5 µm with an Oxford triplet Quadrupole lens system. The microprobe has multiple analytical detection capability that can be collected concurrently with IBIL spectroscopy. Thus the nuclear microprobe analysis is well suited for characterizing small material samples due to the ability of the primary analysis by scanning transmission ion microscopy (STIM) to quantify the mass of a particle of interest and then to be further analyzed with adequate signal that can be detected during sample-beam interactions 10 
(Morse et al., 1997).
Spectra of the 2D and 3D MOF crystals are seen in the figure below. It was found that fast proton stimulated luminescence produced features not seen in the UV stimulated spectra. The stokes shifts for IBIL are clearly larger than those of the UV fluorescence, due to a large red shift of the IBIL spectrum. The Stokes shifts are defined here as
where E max (excitation) refers to excitation curve stimulated by photons, and ∆E max (emis) refers to either the emission produced by protons or UV. In the 2D MOFs the shift in wavenumber was 1215 cm-1 for photons versus 3415 cm-1 for the proton stimulus, as seen below.
For the 3D crystals the change was even greater: 815 cm-1 for photons versus 5618 cm-1 for IBIL stimulated luminescence. Thus the IBIL emission is well separated from absorption, indicating bulk scintillators with long optical path lengths should be feasible. The broad emission on the longwavelength side may be an indication of radiation damage produce in the ion track, or other effect s making lower energy emission states available for emission. The IBIL intensities relative to an anthracene crystal standard, and the IBIL radiation doses experienced were estimated for all samples studied. Calculated sample mass, dose rates and relative intensities of the emission are shown in Table 1 . 
RADIATION DAMAGE
The proton dose dependence for the IBIL response was determined from multiple spectra acquired during proton irradiation. Figure 6 shows the decay of IBIL peaks for the 2D stilbene MOF, indicating radiation damage reduces to luminescence only at high absorbed dose. The radiation tolerance of all samples studied was defined as the change in the number of counts in the highest peak channel for the un-dosed material. This response was plotted for the 2D and 3D stilbene MOFs, and for the anthracene standard in Figure 7 , below. It was found that athracene loses > 90% of initial luminescence after 50 MRAD absorbed dose of fast proton, whereas the 2D and 3D stilbene MOFs lose only ~ 68% after 400 Mrad dose. Thus stilbene MOFs appear to tolerate radiation well, and can be proposed as practical scintillators, since this dose is much greater than the expected lifetime dose for many detection applications. 
CONCLUSIONS
Fluorescent metal organic frameworks constructed from stilbene dicarboxylates luminesce when exposed to fast protons. The radioluminescent response decays with doses greater than 100 MRAD. Unknown ion beam effects caused by the beam appeared to lead to new emission bands, increasing the Stokes shift for these materials, relative to their UV stimulated fluorescence. Low density (0.5 g/mol) 3D stilbene MOFs are expected to exhibit reduced dE/dx effects compared to traditional organic scintillators, potentially having a more proportional response to particle energy. Furthermore, these materials have great potential for rational design and tailored compositions, making them attractive candidates to develop as novel hybrid scintillator materials.
